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The epithelial cells of the small intestine can receive substrates for metabolism from two separate sources, the mesenteric blood and the intestinal lumen (Parsons, 1979) . The first source, from blood passing through capillaries at the base of the epithelial cells, is probably important under all physiological circumstances, but must be particularly so in the post-absorptive animal, when no substrates are available from the absorption of products of the digestion of food from the lumen.
Metabolism of glutamine to alanine by tissue slices of the small intestine was reported by Finch & Hird (1960) , and it was probably thought merely that glutamine, like glutamate and aspartate (Neame & Wiseman, 1957) , was transaminated during its absorption from the lumen of the intestine. The importance of the intestinal tract as a major site for the metabolism of glutamine has become apparent only recently, with the demonstration that the intestine could take up glutamine from the blood (Matsutaka et al., 1973; Windmueller & Spaeth, 1974) , and with the realization that the non-hepatic splanchnic bed was removing as much glutamine as the liver (Wolff et al., 1972; Felig et al., 1973) , or indeed was the only region removing glutamine (Addae & Lotspeich, 1968; Aikawa et al., 1973) from the portal blood of post-absorptive animals. Skeletal muscle is likely to be a major source of the glutamine used by the intestine of post-absorptive animals (Ruderman & Lund, 1972) .
Site of glutamine metabolism
The major site of metabolism of glutamine in the non-hepatic splanchnic bed is the mucosa of the small intestine. Metabolism of glutamine from both the vascular perfusate and from the lumen has been demonstrated with the vascularly perfused jejunum and ileum in vitro (Hanson & Parsons, 1977a) and with the jejunum in uivo (Windmueller & Spaeth, 1975) . Metabolism of glutamine occurs at high rates in epithelial cells isolated from the small intestine (Baverel & Lund, 1979; Watford et al., 1979a) , and the mucosa of the small intestine has the highest specific activity of glutaminase ( Fig. 1 ) of any region of the gastrointestinal tract, that in the muscle layers of the small intestine, by contrast, being particularly low (Pinkus & Windmueller 1977 ).
Glutamine as a respiratory substrate
Addition of glutamine stimulates the consumption of 0, by rabbit ileum (Neptune, 1965) and by isolated epithelial cells from the rat small intestine (Towler et al., 1978; Watford et al., 1979a) , and 55% of the I4C from [ *4Clglutamine is found to be incorporated into CO, by rat jejunum in vivo (Windmueller & Spaeth, 1978) . Glutamine is therefore a respiratory fuel for the small-intestinal mucosa, and its combustion makes a major contribution (35%) to the total CO, produced by the jejunum of rats deprived of food overnight (Windmueller & Spaeth, 1978) .
Production of alanine and NH, from glutamine The metabolism of glutamine stimulates the production of alanine and NH, by a variety of preparations of rat small intestine (Windmueller & Spaeth, 1975; Hanson & Parsons, 1977a; Watford et al., 1979~) . The low activity of glutamine transaminase (EC 2.6.1.15) relative to that of glutaminase ( Fig.  1) suggests that most glutamine is converted into glutamate by glutaminase. Production of NH, ranges from 6 1 to 124% of the rate of glutamine utilization (Windmueller & Spaeth, 1978; Baverel & Lund, 1979 (Fig. 1) (Volman-Mitchell & Parsons, 1974) under normal circumstances. Rather it would seem that glutamate is transaminated with pyruvate by alanine aminotransferase to produce alanine and 2-oxoglutarate (Fig. 1) . Little alanine aminotransferase activity (5-10%) is found in the particulate fraction of rat small-intestinal mucosa (Volman-Mitchell & Parsons, 1974) , and negligible 10.27 1% (4)l activity is associated with mitochondria in the mucosa of the small intestine of mice (P.
Sethi & P. J. Hanson, unpublished work: results corrected for contamination of the particulate cell fractions by cytosolic alanine aminotransferase). Transamination of glutamate with pyruvate may therefore be localized within the cytosol (see below). 
Pathway of carbon from glutamine to pyruvate
A pathway must exist for the incorporation of carbon atoms initially present in glutamine into pyruvate, for otherwise it would be impossible for a large proportion of the glutamine taken up by the intestinal mucosa to be oxidized in the tricarboxylic acid cycle (Goldstein & Newsholme, 1976; Fig. 1) . Furthermore, the absence of glucose does not inhibit the utilization of glutamine, inhibit the production of alanine or increase the output of glutamate by the vascularly perfused rat jejunum (Hanson & Parsons, 1977a) , and so, at least in the absence of glucose, pyruvate for transamination to alanine must most probably be derived from glutamine itself.
Phosphoenolpyruuate carboxykinase (EC 4.1.132)
By analogy with muscle it might be expected that phosphoenolpyruvate carboxykinase would be involved in the pathway converting glutamate into pyruvate (Goldstein & Newsholme, 1976; Snell& Duff, 1977; Newsholme & Williams, 1978) . Phosphoenolpyruvate carboxykinase is present in the mucosa of the rat small intestine (89% of the activity particulate) (Anderson, 1970 (Anderson, , 1974 ; Watford et al., 1 9 7 9~) in sufficient activity to account for the metabolism of glutamine to alanine and CO,. However, an essential requirement for phosphoenolpyruvate carboxykinase in the metabolism of glutamine is unlikely, since the utilization of glutamine and the production of alanine by intestinal mucosa is completely unaffected by the presence of 3-mercaptopicolinate (Hanson & Parsons, 1 9 7 7~; Watford et al., 1979a), an inhibitor of both the mitochondrial and the cytoplasmic enzyme (Kostos et al., 1975; Robinson & Oei, 1975) . By contrast, in the diaphragm of rats deprived of food for 40h the stimulatory effect of valine and glutamate on the production of alanine was substantially inhibited by 3-mercaptopicolinate (Snell & Duff, 1977) .
An NADP+-dependent 'malic' enzyme (EC 1.1.1.40) is found in the cytosol of the jejunal mucosa (Tyrrell & Anderson, 1971 ), but it is unlikely to be involved in pathway generating pyruvate from glutamine, for the activity of the enzyme is halved by depriving rats of food for 72h (Tyrrell & Anderson, 1971) , whereas the metabolism of glutamine is increased under similar circumstances ( Table 1) . There is, however, a mitochondrial NAD(P)+-dependent 'malic' enzyme present in the mucosa of the rat small intestine (Sauer et al., 1979) , and its activity, location and inhibition by ATP make it the strongest candidate for the enzyme generating pyruvate from carbon derived ultimately from glutamine. Generation of pyruvate within the mitochondria is consistent with the finding that 55% of the "C from [14Clglutamine is found in CO, but only 3% in alanine (rat jejunum in uiuo; Windmueller & Spaeth, 1978) . In fact most of the carbon in alanine seems to be derived from lactate and glucose (Windmueller & Spaeth, 1978) , which is consistent with the cytosolic localization of the aminotransferase (Fig. 1) .
Oxaloacetate decarboxylase (EC 4.1 .I .3)
An alternative candidate for the generation of pyruvate within the mitochondria is oxaloacetate decarboxylase, but there is some doubt that decarboxylation of oxaloacetate is a physiological activity of the enzyme (Dean & Bartley. 1973; Watford et al., 1979b) .
Proposed scheme (Fig. 1) If the main reason for metabolism of glutamine by the small intestine were to incorporate carbon in glutamine released from muscle into alanine, so that the latter could act as a substrate for gluconeogenesis by the liver, then the generation of pyruvate derived from glutamine, and its transamination with glutamate, might have been expected to occur at the same subcellular location rather than at different sites, as shown in Fig. 1 .
Diversion of pyruvate produced inside the mitochondria into the cytosol will, however, occur under the proposed scheme if pyruvate dehydrogenase were inhibited (Fig. I ), or possibly if there were no glucose to provide pyruvate in the cytosol, which may explain why glutamine utilization and alanine production by vascularly perfused rat jejunum are unaffected by the removal of glucose (Hanson & Parsons, 1977~) . It would seem that glutamine is metabolized by the intestine predominantly to provide energy. Utilization of glutamine, derived from muscle, in this manner may indirectly 'save' glucose by promoting the conversion of pyruvate, which would have been oxidized, into alanine. However, only in the ileum is there evidence for such an inhibition of glucose oxidation in vitro (Neptune, 1965; Hanson & Parsons, 1977a) , whereas in the rat jejunum metabolizing glutamine in vivo the output of alanine and lactate balances 70% of the uptake of glucose (Windmueller & Spaeth, 1978) .
Factors affecting the utilization of giutamine and the production of alanine
When glutamine ( 4 . 5 m~) is placed only in the fluid passing through the lumen of vascularly perfused rat jejunum, then 62% of the glutamine taken up from the lumen is metabolized, the rate of metabolism being similar to that found when glutamine ( 1 . 5 m~) is present in the vascular perfusate, but the rate of alanine production is 70% higher than when glutamine ( 1 . 5 m~) is present in the vascular bed (Table 1) . It is possible that the production of alanine from glutamine is proportionately greater in the villus cells than in the crypt cells (both have glutaminase activity; Pinkus & Windmueller, 1977) , for most of the glutamine taken up from the lumen will probably pass through the villus cells.
The uptake of glutamine by the small intestine appears to be decreased in acidotic rats in vivo (Lund & Watford, 1976) . This change probably results more from decreases in the concentration of glutamine ,and HC0,-in the plasma (Lund & Watford, 1976; Hanson & Parsons, 1977a; Baverel & Lund, 1979) than from any major alteration in the capacity of the whole small intestine to metabolize glutamine, for the increased metabolic activity per g dry wt. (Table 1) is balanced by a fall in the dry weight of the intestine.
Depriving rats of food for 48 h increases the rate of utilization of glutamine (+43%) and the production of alanine (+83%) per g dry wt. of vascularly perfused jejunum (Table 1) . McFarlaneAnderson et al. (1976) found that glutaminase activity was decreased (-29%) in rats subjected to starvation for 48 h, but the rate of transport of glutamine to the site of glutaminase activity, rather than the activity of the enzyme itself, may limit the rate of utilization of glutamine within the intestinal mucosa. Thus the intracellular concentration of glutamine is lower than that in the plasma (Windmueller & Spaeth, 1974) , and the utilization of glutamine is dependent on its concentration in plasma (Windmueller & Spaeth, 1974; Hanson & Parsons, 1977~) . There is likely to be little effect of deprivation of food on the removal of glutamine from the blood by the whole small intestine in oivo, for the increased utilization and production of alanine per g dry wt. of intestine are compensated by a fall in the weight of intestine in animals deprived of food. However, the role of glutamine as a metabolic substrate is likely to be more important in the intestine of animals deprived of food, for in these circumstances utilization of glutamine is greater than that of glucose. By contrast, in fed animals utilization of glutamine is only 44% of that of glucose, primarily because glucose utilization is substantially greater in fed animals than in those deprived of food (Hanson & Parsons, 19776) . Glutamine plays a central role in the regulation of acid/base balance by the mammalian kidney (Goldstein, 1976) . The amino acid is extracted from plasma by the kidneys and converted by deamidation and deamination into ammonia. Ammonia is secreted into the tubular lumen and helps to neutralize the acid urine and thereby promotes acid excretion. The remaining carbon skeleton of glutamine is converted, in part, into glucose. Not all glutamine extracted by the kidneys is converted into ammonia. Depending on the acid/base status of the animal more or less of the a-amino nitrogen is transaminated to serine or alanine. During systemic acidosis, when renal ammonia production increases sharply, the renal extraction of plasma glutamine rises several-fold. Since the rate of blood flow to the kidneys is high, a considerable amount of glutamine is removed from the circulation by the acidotic kidneys within a short period of time. In fact, calculation shows that in the rat all the glutamine in the extracellular fluid compartment would be depleted in less than 1 h after the initiation of acidosis if no compensation occurred in the supply of glutamine to the circulation. Since plasma glutamine concentration shows little or no decrease during acidosis, some increase in synthesis and release of glutamine must take place at an extra-renal site.
Possible extra-renal sources of plasma glutamine Two sites have been postulated to play a major role in supplying glutamine to the circulation: liver and skeletal muscle. Early studies (Addae & Lotspeich, 1968) indicated that glutamine was released from liver but not skeletal muscle in the dog and that hepatic release was increased significantly during metabolic acidosis. However, later studies in man (Marliss et al., 1971), dog and monkey (Hills et al., 1972) showed that glutamine was released from skeletal muscle and taken up by the liver in these species. Experiments with isolated perfused organs from the rat have led to conflicting results on the role of the liver (Lueck & Miller, 1970; Oliver et al., 1977) in the supply of glutamine to the circulation, but have confirmed the view that skeletal muscle (Ruderman & Berger, 1974; Oliver et al., 1977) is an important site of plasma glutamine production. However, the question remained as to whether skeletal muscle furnished (in whole or in part) the extra glutamine extracted by the kidneys during metabolic acidosis.
We measured the effects of acute metabolic acidosis on the release of glutamine from rat hindlimbs and compared these effects with concomitant changes in renal glutamine extraction. These studies were done with anesthetized fed rats that had been surgically prepared so that blood samples could be removed, with minimal physiological disturbance, from the carotid artery, iliac vein and renal vein. Acute acidosis was induced by intragastric administration of dilute HCl. Blood flow to the hindlimbs was measured with an electromagnetic flow meter.
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Stimulation of hindlimb glutamine release and renal glutamine uptake by acute acidosis
Large amounts of glutamine are released from hindlimbs and taken up by kidneys of acidotic rats (Fig. 1) . The pattern of release by hindlimb and uptake by kidney is relatively specific for glutamine. Only glycine, and possibly citrulline, show similar patterns, but the quantities of amino acids involved are much less than in the case of glutamine. Since muscle comprises 75-80% of the total weight of the rat hindlimb and has been shown to be an active site of glutamine synthesis (Ruderman & Berger, 1974) , it is reasonable to assume that the glutamine released into the circulation by the hindlimb is produced in skeletal muscle. Acute HCI acidosis produced a 3-4-fold magnification in arteriovenous glutamine concentration differences in both muscle and kidney within approx. 2 h (Fig.  2a) . Blood flow to the hindlimbs decreased slightly (20%) after HCI administration. Despite a decrease in blood flow total glutamine output by the hindlimbs (plasma flow x arteriovenous concentration differences) increased by 100-200% Vol. 8
